Glucose and long-chain fatty acids (LCFA) are two major substrates used by heart and skeletal muscle to support contractile activity. In quiescent cardiac myocytes a substantial portion of the glucose transporter GLUT4 and the putative LCFA transporter fatty acid translocase (FAT)/CD36 are stored in intracellular compartments. Induction of cellular contraction by electrical stimulation results in enhanced uptake of both glucose and LCFA through translocation of GLUT4 and FAT/CD36 respectively to the sarcolemma. The involvement of protein kinase A, AMP-activated protein kinase (AMPK), protein kinase C (PKC) isoforms and the extracellular signal-regulated kinases was evaluated in cardiac myocytes as candidate signalling enzymes involved in recruiting these transporters in response to contraction. The collected evidence excluded the involvement of PKA and implicated an important role for AMPK and for one (or more) PKC isoform(s) in contraction-induced translocation of both GLUT4 and FAT/CD36. The unravelling of further components along this contraction pathway can provide valuable information on the coordinated regulation of the uptake of glucose and of LCFA by an increase in mechanical activity of heart and skeletal muscle.
Isolated cardiac myocytes are an excellent system in which to study the signalling and metabolic processes that take place during and as a result of muscle contractions, as will be shown in the present review. In general, single-cell suspensions are easily accessible to pharmacologicallyactive compounds, while at the same time the extracellular environment is well controlled and vascular factors are eliminated. The standard procedure for obtaining singlecell suspensions from the heart is a retrograde perfusion with collagenase. Unfortunately, it is virtually impossible to obtain single cells from skeletal muscle for metabolic studies, as the muscle fibre is long and fragile because it originates from multiple cell-fusion processes. The next best approach for in vitro studies in skeletal muscle research is the isolated muscle strip. When muscle strips are removed from the hindlimb together with their tendons it is possible to impose contractions in these strips through electric stimulation. However, the muscle strip comprises several cell layers, which results in serious diffusion problems for compounds (substrates, agents) that are added to the medium. Despite subtle differences, skeletal myocytes and cardiac myocytes share many features of the regulation of cell function, including signalling and metabolism. The availability of an experimental system that induces contractions in cardiac myocytes in suspension makes it possible to investigate the signalling processes that are induced by these contractions, while at the same time the cardiac myocytes can be exposed to selected compounds exerting specific pharmacological effects. It is then expected that the findings in contracting cardiac myocytes can be extrapolated to contracting skeletal muscle.
Cardiac myocytes as a model for the study of substrate uptake
Contractions are a permanent manifestation of cardiac myocytes in vivo, and necessary for the maintenance of cardiac pump function. However, when they are isolated and subsequently incubated the trigger for controlled contractions is not present. This factor causes the metabolism of isolated cardiac myocytes in suspension to be much slower than that in vivo, as exemplified by the rate of O 2 consumption, which is only approximately 10 % of that of the intact working heart (Luiken et al. 2001) . Accordingly, the demands of isolated cardiac myocytes for fuel, predominantly glucose and long-chain fatty acids (LCFA), will be markedly lower than that in the in vivo situation. Recently, an experimental system was developed to perform metabolic measurements with suspensions of electrically-stimulated cardiac myocytes, thereby increasing their rate of O 2 consumption up to approximately 50 % of that in vivo, depending on the applied frequency. As a result, the uptake of both glucose and LCFA increases in proportion to the pulse frequency. For instance, for 4 Hz contractions the rates of uptake of both substrates are similarly increased to approximately 1 . 5-fold within minutes (Luiken et al. 2001) . This similarity in acute response in the uptake process of both substrates might seem paradoxical. On the one hand, the heart is an omnivorous organ that can utilize both glucose and LCFA to fulfill the increased demands for fuel. Furthermore, for both substrates the concentration gradient across the sarcolemma is the driving force for uptake (Kones & Phillips, 1975; van der Vusse et al. 1992) . Specifically, the rapid metabolic trapping of both substrates, in the case of glucose its phosphorylation to glucose-6-phosphate and in the case of LCFA its esterification with CoA to acyl-CoA, serves to maintain a low substrate concentration intracellularly. On the other hand, the difference in chemical properties between glucose and LCFA suggests that these substrates traverse the phospholipid bilayer of the sarcolemma through entirely different mechanisms (Hamilton, 1998) and, therefore, would not be expected to show a similar response to increased contractile activity. In hindsight, the conundrum is explained by the fact that the uptake of both substrates has been proved to obey the laws of facilitated diffusion, and also that the mechanism by which contractions induce uptake of both substrates by cardiac myocytes appears to be similar, as first shown in skeletal muscle Glatz et al. 2002) .
Mechanism of uptake of glucose and long-chain fatty acids in heart and skeletal muscle
In skeletal muscle the molecular mechanism by which short-term contractions induce the uptake of glucose are well understood and involve a vesicle-mediated translocation of GLUT4 from an endosomal subcompartment to the sarcolemma (Cushman et al. 1998; Zorzano et al. 2000; Ploug & Ralston, 2002) . This mechanism of contractioninduced GLUT4 translocation has subsequently been confirmed also in the heart (Till et al. 1997) . In relation to the molecular mechanism by which short-term contractions induce cardiac LCFA uptake, an initial clue was provided by observations with sulfo-N-succinimidyloleate, which specifically inhibits FAT/CD36. This compound not only reduced LCFA uptake under non-stimulated conditions by approximately 50 %, but it was also able to completely block the contraction-induced increase in LCFA uptake by isolated cardiac myocytes (Luiken et al. 2001) . This finding strongly suggests that FAT/CD36 is involved in the acute response of cardiac myocytes to an increase in workload. The increased flux through FAT/ CD36 during cardiac myocyte contractions can be a result of either (1) an increase in sarcolemmal abundance of this protein or (2) an increase in its intrinsic transport activity. In similar studies with short-term electrically-stimulated rat skeletal muscle, in which LCFA uptake was studied as a function of the exogenous LCFA concentration, it was found that following contractions the apparent maximum velocity for LCFA uptake was increased while there was no change in the apparent K m (Bonen et al. 2000) . This observation suggests that an increased sarcolemmal abundance is the most likely mechanism to explain the higher LCFA uptake rate. As changes in FAT/CD36 protein expression are not expected to occur within minutes, there must be an intracellular pool of FAT/CD36 present within muscle cells from which this protein can be recruited to the sarcolemma. The first evidence for such an intracellular pool of FAT/CD36 within myocytes was obtained from a novel method of fractionate skeletal muscle into membrane fractions from distinct subcellular origin. Using this method, the majority of GLUT4 and about half of FAT/ CD36 were found to be present in a transferrin receptorcontaining fraction, presumably endosomes (Bonen et al. 2000) . The onset of contractions resulted in mobilization of both transporters from these endosomal stores to the sarcolemma. Recently by using immunofluorescence microscopy, it has been possible to confirm that within the human vastus lateralis muscle FAT/CD36 is localized both at the sarcolemma and throughout the cytoplasm; the latter site is apparent as a scatter pattern (Keizer et al. 2004) . After adapting the fractionation technique to cardiac myocytes, it was also subsequently demonstrated that within these cells under non-stimulatory conditions FAT/CD36 is localized both at the sarcolemma and in intracellular stores (Luiken et al. 2002a ).
Contraction-induced transporter translocation in cardiac myocytes
It can be reasoned that the presence of contractionresponsive intracellular pools of substrate transporters in skeletal muscle is of high physiological importance, because it enables skeletal muscle to acutely increase substrate uptake whenever the metabolic demands suddenly increase. However, the presence of extensive intracellular storage sites for these proteins in nonstimulated cardiac myocytes in suspensions would then be atypical because of the continuous contractile performance of the heart in vivo. Nonetheless, the heart can respond to acute exercise or stress by increasing its pump rate by up to approximately 3-fold, and it therefore still relies on the presence of intracellular stores of substrate transporters in order to fulfill these conditions, albeit that these stores are probably substantially smaller than those in non-stimulated cardiac myocytes in suspension.
Despite these considerations, the use of isolated cardiac myocytes has been proved to be suitable for unravelling intracellular events underlying the increase in substrate uptake that occurs with contractile activity. The comparison of subcellular localization of substrate transporters in quiescent and stimulated cardiac myocytes demonstrates that the intrinsic property of the heart is to store a substantial portion of these transporters intracellularly, while the permanent presence of contractile stimulation results in their continuous mobilization. This property would have remained difficult to detect when studying perfused working hearts or performing in vivo measurements, because in these models a higher percentage of transporters would reside at the cell surface, while the intracellular depots would be marginally smaller.
Identification of signalling enzymes involved in contraction-induced substrate transporter translocation
The biochemistry of muscle contractions has been well characterized, and is known to include Ca 2+ oscillations and phosphorylation of proteins of the contractile machinery (Schaub & Kunz, 1986; Murray et al. 1989) . Furthermore, the metabolic demands of contractions favour the activation of stress-sensing cascades. Hence, likely candidates for the contraction-induced translocation of substrate transporters include protein kinase A (PKA), AMP-activated protein kinase (AMPK), members of the protein kinase C (PKC) family and the extracellular signalregulated kinases.
Protein kinase A
It is well documented that myocyte contractility is regulated by the intracellular levels of cAMP. The effects of cAMP on contraction are mediated through PKAinduced phosphorylation of proteins involved in myocardial Ca 2+ regulation, such as the sarcolemmal L-type Ca 2+ channel (Hussain & Orchard, 1997) . Manipulations to raise the intracellular cAMP concentration have an inotropic effect. For example, Kammermeier and co-workers (Rose et al. 1991) have demonstrated that b-agonists enhance the amplitude of the contraction of isolated cardiac myocytes up to 3-fold. This inotropic action leads to increased energy demands and a drastic rise in O 2 consumption. Information about the effect of b-agonists on glucose uptake into cardiac myocytes is scarce. However, it has been reported that b-adrenergic activation does not participate in stress-induced glucose uptake in perfused rat hearts (Egert et al. 1999) . In isolated cardiac myocytes isoproterenol has an antagonistic effect on the stimulation of glucose uptake by sulfhydryl reagents (Fischer et al. 1993) .
In relation to LCFA uptake, a possible involvement of PKA in contraction-induced FAT/CD36 translocation has been investigated by pharmacologically manipulating the intracellular cAMP level. On the addition of isoproterenol, dibutyryl-cAMP and various phosphodiesterase inhibitors to either quiescent or contracting cardiac myocytes, intracellular cAMP levels rise to variable extents, but are not in any instance associated with an increase in FAT/CD36-mediated LCFA uptake (Luiken et al. 2002b) . Furthermore, electrical stimulation of cardiac myocytes did stimulate LCFA uptake but had no effect on intracellular cAMP (Luiken et al. 2002b) .
Hence, it is unlikely that PKA signalling is involved in the stimulation of uptake of glucose and LCFA. However, intracellular cAMP levels do affect the metabolic fate of LCFA, and this influence is dependent on the inotropic action of cAMP causing elevated levels, so that it can only be attained in electrically-stimulated cells. When the intracellular levels of cAMP are elevated in contracting myocytes upon b-adrenergic stimulation, the rate of LCFA uptake does not change, but LCFA are more efficiently directed into mitochondrial b-oxidation at the expense of esterification into triacylglycerol stores (Luiken et al. 2002b) . This cAMP-induced channeling of LCFA away from storage into b-oxidation is in line with the ability of PKA to phosphorylate acetyl-CoA carboxylase (Boone et al. 1999 ). Phosphorylation of this enzyme then results in its inhibition, causing a fall in intracellular malonylCoA and a concomitant deinhibition of the rate-limiting enzyme of mitochondrial b-oxidation, carnitine palmitoyl transferase 1.
Members of the family of phosphodiesterases not only regulate cAMP, but are also involved in regulation of levels of the second messenger cGMP. The application of cGMP-specific phosphodiesterase inhibitors, which substantially raise the intracellular cGMP levels, has no effect on LCFA uptake by cardiac myocytes (Luiken et al. 2002b ). This finding also excludes this second messenger and its downstream signalling targets, such as protein kinase G, from being involved in contraction-induced transporter mobilization.
AMP-activated protein kinase
The ability of AMPK to initiate a catabolic programme in the cell has recently been considered of therapeutic potential when fighting insulin resistance and type 2 diabetes in lipid-accumulating cells (Mauvais-Jarvis et al. 2001) . AMPK is activated by an increase in intracellular AMP : ATP (Hardie et al. 1998 ). An increase in the intracellular concentration of AMP at the expense of ATP can be achieved physiologically by an increase in workload, such as contractile activity, and pharmacologically by mitochondrial inhibitors. The mitochondrial inhibitor oligomycin elevates cardiomyocytic AMP: ATP by 2 . 5-fold, whereas 4 Hz contractions evoke an increase of 1 . 9-fold (Luiken et al. 2003) . With both manipulations the rise in AMP : ATP has proved to be sufficient to activate AMPK, as assessed by the extent of phosphorylation of its main protein substrate acetyl-CoA carboxylase. Again, oligomycin (8 . 7-fold increase) is more potent than 4 Hz contractions (3 . 3-fold increase; Fig. 1 ).
The most common tool for studying AMPK is the cellpermeable adenosine analogue 5-aminoimidazole-4-carboxamide-1-b-D-riboside (AICAR), which on intracellular entry is rapidly phosphorylated to 5-amino-4-imidazolecarboxamide riboside 5k-monophosphate. In turn, 5-amino-4-imidazolecarboxamide riboside 5k-monophosphate, like AMP, is able to activate AMPK. The ability of AICAR to specifically activate AMPK has promoted its potential use as an anti-diabetic drug (Musi & Goodyear, 2003; Ruderman et al. 2003) . In experiments with suspensions of cardiac myocytes AICAR has proved to be successful in enhancing acetyl-CoA carboxylase phosphorylation (by 5 . 5-fold; Fig. 1 ). However, side effects of AICAR on intermediary metabolism have been reported that are unrelated to 5-amino-4-imidazolecarboxamide riboside 5k-monophosphate formation and, therefore, do not depend on AMPK activation (Corton et al. 1995; Javaux et al. 1995) . These non-specific AICAR effects prompted the inclusion in our studies of the adenosine kinase inhibitor 5-iodotubercidin, which prevents 5-amino-4-imidazolecarboxamide riboside 5k-monophosphate formation from AICAR (Samari & Seglen, 1998) . In the presence of this inhibitor AICAR completely loses its ability to phosphorylate acetyl-CoA carboxylase, indicating the involvement of AMPK (Luiken et al. 2003) .
Activation of AMPK by either oligomycin or AICAR has substantial effects on substrate utilization by cardiac myocytes. Both these agents stimulate the rate of uptake of both glucose and LCFA, to a similar extent (Fig. 1) . In agreement with the notion that 5-amino-4-imidazolecarboxamide riboside 5k-monophosphate is a weaker activator of AMPK than AMP (Javaux et al. 1995) , the effect of AICAR on glucose and LCFA uptake is smaller than that of oligomycin (Luiken et al. 2003) . While the stimulatory effect of mitochondrial inhibitors and AICAR on glucose uptake has been attributed to translocation of GLUT4 from intracellular stores to the sarcolemma (Wheeler et al. 1994; Russell et al. 1999) , the stimulatory effect on LCFA uptake is a novel observation. The ability of sulfo-Nsuccinimidyloleate to block oligomycin-and AICARinduced LCFA uptake suggests the involvement of FAT/ CD36 in the stimulatory action of both agents. The nonadditivity of either of these agents with 4 Hz contractions on LCFA uptake (Fig. 1) indicates strongly that both agents exert their effect on LCFA uptake via the same mechanism, i.e. a rapid translocation of FAT/CD36 from intracellular membrane stores to the sarcolemma. Hence, elevation of AMP: ATP and subsequent activation of AMPK are necessary events for contractions to stimulate FAT/CD36 translocation and, consequently, LCFA uptake. On the other hand, additivity in relation to LCFA uptake of insulin and oligomyin and of insulin and AICAR indicates that insulin signalling is not involved in the effect of contractions on LCFA uptake (Luiken et al. 2003) . Accordingly, it was found that the phosphatidylinositol-3 kinase inhibitor wortmannin is ineffective in inhibiting the effect of either oligomycin or AICAR on contractions (Luiken et al. 2003) .
Since AMPK has been demonstrated to be involved in the activation of not only FAT/CD36 (the present study) but also of another component of the LCFA metabolic machinery, i.e. carnitine palmitoyltransferase 1 (Ruderman et al. 1999) , the simultaneous stimulation of LCFA uptake and oxidation would be metabolically efficient because this process allows the extra incoming LCFA during contractions to be preferentially used for energy production. 
Protein kinase C
The PKC are a family of serine/threonine kinases consisting of at least twelve isoforms. Based on the ability of these isoforms to be activated by Ca 2+ or by the lipid metabolite diacylglycerol, they are subdivided into three classes: conventional (activation by both Ca 2+ and diacylglycerol), novel (activation by only diacylglycerol) and atypical PKC (activation by neither Ca 2+ nor diacylglycerol). At the protein level, at least four isoforms appear to be present in cardiac myocytes, notably the conventional PKCa, the novel PKCd and PKCe and the atypical PKCz (Disatnik et al. 1994; Puceat et al. 1994; Clerk et al. 1995; Goldberg et al. 1997) . PKC are implicated in various cellular processes, including the regulation of contractile function, but there is no available information about the involvement of the different isoforms (Steinberg et al. 1995) . The phorbol ester phorbol 12-myristate 13-acetate (PMA) is a cell-permeable diacylglycerol analogue that is commonly used to pharmacologically activate conventional and novel PKC. In relation to substrate utlilization, PMA has been shown to induce the translocation of GLUT4 in adipocytes, leading to enhanced glucose uptake (Vogt et al. 1991; Nishimura & Simpson, 1994) . Adding PMA to cardiac myocytes has confirmed the involvement of PKC in the stimulation of glucose uptake (Fig. 1(b) ). In this study, it is shown for the first time that PMA also stimulates LCFA uptake by cardiac myocytes. It is likely that FAT/CD36 is involved in this novel action of PMA because in the presence of sulfo-N-succinimidyloleate, PMA completely loses its ability to stimulate LCFA uptake (Fig. 1(c) ). Furthermore, PMA inducible LCFA uptake is non-additive to the effect of contractions and additive to that of insulin. In this, the action of PMA on LCFA uptake resembles those of AICAR and oligomycin (Fig. 1(c) ), suggesting that PMA acts on the contraction signalling pathway but not on insulin signalling. Activation of contraction signalling is then expected to result in FAT/CD36 translocation from intracellular stores to the sarcolemma. However, in contrast to contractions and oligomycin, PMA has no effect on AMPK activation ( Fig. 1(a) ). These observations lead to the conclusion that conventional and/or novel PKC are involved in contraction-induced recruitment of GLUT4 and FAT/CD36 from intracellular stores to the sarcolemma (Fig. 2) . Interestingly, it was observed that in the presence of specific PKC inhibitors, activation of AMPK does not result in stimulation of uptake of LCFA and of glucose (JJFP Luiken, J Willems, SLM Coort and JFC Glatz, unpublished results) . Hence, the PKC should be positioned downstream rather than upstream of AMPK. This notion would be of interest to signal transduction research, because signalling downstream of AMPK has not been clearly identified (Hardie & Hawley, 2001; Musi & Goodyear, 2003) . This putative positioning of PKC in contraction signalling requires the activation of a lipid metabolizing enzyme by AMPK and the subsequent formation of diacylglycerol, the endogenous activator of conventional and novel PKC. Interestingly, in addition to PMA-inducible PKC, the PMA-insensitive PKCz has also been implicated in GLUT4 translocation. There is accumulating evidence that PKCz is located downstream of insulin receptor substrates and phosphatidylinositol-3 kinase, and is involved in the translocation of GLUT4 in response to insulin (Farese, 2002) . Its role in contraction-inducible GLUT4 has only recently been investigated (Chen et al. 2002) . In mouse skeletal muscle both treadmill exercise and AICAR have been shown to induce activation of PKCz. Moreover, myristoylated PKCz pseudosubstrate can block AICARinduced glucose uptake by L6 myotubes (Chen et al. 2002) . To finally pinpoint PKCz to contraction signalling, additional evidence is required to elucidate whether this AICAR effect is mediated through AMPK. If PKCz is involved in contraction-induced substrate uptake it should operate in concert with one (or more) PMA-inducible PKC. Where PKCz is positioned relative to the PMAinducible PKC along the contraction signalling pathway is a topic for future research.
Extracellular signal-regulated kinases
Contractile performance of skeletal muscle has been shown to activate extracellular signal-regulated kinase by phosphorylation. However, inhibition of extracellular signal-regulated kinase phosphorylation by a mitogenactivated protein kinase kinase inhibitor does not inhibit contraction-induced glucose uptake in isolated muscle strips (Hayashi et al. 1999) or in perfused skeletal muscle (Wojtaszewski et al. 1999) . Thus, it is apparent that this signalling enzyme is not involved in stimulation of glucose uptake into heart when the workload is increased. However, the involvement of extracellular signal-regulated kinase in the regulation of LCFA uptake into heart and skeletal muscle has not yet been investigated.
Concluding remarks
Cardiac diseases have often been linked with a change in substrate preference. Thus, cardiac hypertrophy is associated with a shift in substrate utilization from LCFA to glucose (Van Bilsen et al. 1997; van der Vusse et al. 2000) , while, on the other hand, in diabetes the heart preferentially uses LCFA at the expense of glucose Shulman, 2000; Unger & Orci, 2001) . Since it appears that in the utilization of both substrates by the heart their uptake across the sarcolemma appears to be a rate-governing step , it is of pivotal importance to investigate the mechanism of regulation of cardiac LCFA uptake in comparison with that of glucose uptake. Based on the data reported earlier, it can be concluded that the intracellular transduction pathways leading to stimulation of both glucose and LCFA uptake are identical to a large extent, as it has been shown that contraction-inducible recruitment of both GLUT4 and FAT/CD36 are dependent on activation of AMPK as well as on activation of conventional or novel PKC. The participation of the same signalling enzymes in the stimulation of both glucose and LCFA uptake may suggest that a single subcellular compartment is utilized for intracellular storage of both GLUT4 and FAT/CD36. On the other hand, it is equally possible that both transporters are stored in distinct compartments and that downstream of the PKC the contraction signal branches off into two pathways leading to separate GLUT4 and FAT/CD36 mobilization. This latter possibility would allow manipulation of substrate preference by the heart. Finally, although not yet proven, it is anticipated that AMPK and PKC are both also involved in the enhancement of the uptake of substrate by contracting skeletal muscle.
